The osteocytic protein sclerostin inhibits bone turnover. Serum sclerostin rises early in chronic kidney disease (CKD), but if this reflects osteocyte sclerostin production is unclear, since sclerostin is also expressed in extra-skeletal tissue. Glucocorticoid treatment impacts on serum sclerostin, but the effect on the association between serum and bone sclerostin is unknown. We sought to determine whether serum sclerostin reflects bone sclerostin in different CKD stages and how this association is influenced by glucocorticoid treatment. In a cross-sectional analysis, we investigated serum sclerostin, bone sclerostin by immunohistochemistry, and bone histomorphometry in iliac crest bone biopsies from 43 patients with CKD 3-5D, including 14 dialysis patients and 22 transplanted patients (18 kidney, 4 other). Thirty-one patients were on glucocorticoid treatment at time of biopsy. Patients with low bone turnover (bone formation rate < 97 µm²/mm²/day; N = 13) had higher median serum sclerostin levels (224.7 vs. 141.7 pg/ml; P = 0.004) and higher bone sclerostin, expressed as sclerostin positive osteocytes per bone area (12.1 vs. 5.0 Scl+ osteocytes/B.Ar; P = 0.008), than patients with non-low bone turnover (N = 28). In linear regression analyses, correcting for age, gender, dialysis status and PTH, serum sclerostin was only associated with bone sclerostin in patients not treated with glucocorticoids (r 2 = 0.6, P = 0.018). For the first time, we describe that female CKD patients have higher median bone sclerostin than males (11.7 vs. 5.7 Scl+ osteocytes/B.Ar, P = 0.046), despite similar serum sclerostin levels and bone histo-morphometric parameters. We conclude that glucocorticoid treatment appears to disrupt the association of serum sclerostin with bone sclerostin in CKD.
Introduction
Patients with chronic kidney disease (CKD) have an increased risk of cardiovascular complications [1] , which are associated with vascular calcification and disorders of mineral metabolism, including disturbances of bone turnover, mineralization, and volume, leading to diminished bone quality [2] . In CKD, overall fracture risk is increased; particularly hip fractures have been associated with increased mortality [3] . The complex interrelationships between disturbed mineral metabolism, bone disorders, and vascular calcification-embodied in the term chronic kidney disease-mineral and bone disorder (CKD-MBD) [4] -are linked to premature ageing and associated with progressive pathological changes across all stages of kidney disease [5] . This implies the importance of an early identification of CKD-MBD during the development of CKD, to be able to tailor individual therapies. The prevalence of low bone turnover is increasing among CKD patients [6] . Although treatments are available for high bone turnover, there is a lack of effective evidence based treatment alternatives for adynamic bone disorders [4] .
Sclerostin, a soluble protein coded by the SOST gene on chromosome 17q12-q21, reduces bone formation by inhibiting the anabolic canonical Wnt pathway in osteoblasts [7] . In mice, knockout of the SOST gene causes increased bone formation and bone strength [8] and modifies the development of renal osteodystrophy [9] , while mutations or deletions in the human SOST gene can cause diseases with abnormally high bone mass, such as sclerosteosis or van Buchem disease [7] . With the progression of renal disease, sclerostin levels in serum increase, reaching levels several times higher than those in the healthy population [10] [11] [12] , in spite of an increased renal elimination with decreasing glomerular filtration rate (GFR) [12] . After kidney transplantation, serum sclerostin decreases initially, but increases again with time from transplantation [13, 14] .
Glucocorticoid treatment is common in patients with CKD, both as a component of treatment strategies for underlying autoimmune diseases and for prevention of rejection after kidney transplantation. Endogenous and exogenous glucocorticoids can impact on circulating sclerostin levels [15] [16] [17] , however, the influence of glucocorticoids on its expression in bone and the association between sclerostin levels in the circulation and in bone are still unclear. Previous studies have shown direct [18] , inverse [19] , or absent [20] associations between serum sclerostin and mortality, suggesting the existence of, to this date, unknown confounders. Although serum sclerostin is related to vascular calcification [21] , SOST expression in calcified arteries is absent or very low [21] , which implies that circulating sclerostin levels probably are not of vascular origin.
It has been suggested that serum sclerostin could be used to predict bone turnover in dialysed (CKD stage 5D) patients [11] . Serum sclerostin was superior to PTH in predicting high bone turnover, but the negative predictive value was greater for PTH [11] . Sclerostin antibody treatment leads to increased bone formation in postmenopausal women with low bone mineral density (BMD) [22] . In an animal model of low bone turnover, sclerostin antibody treatment caused improvement of trabecular volume and mineralization, suggesting that inhibition of sclerostin may benefit patients with adynamic bone disease [23] . However, further elucidation of the role of sclerostin in CKD-MBD is needed in order to create solid ground for future treatment strategies [2] . The aim of this study was to investigate whether serum sclerostin levels reflect bone sclerostin and to what extent glucocorticoid treatment has an impact on the association of serum sclerostin levels with bone sclerostin in different stages of CKD, including transplanted patients.
Patients
Forty-three consecutive patients with CKD stage 3-5, including CKD stage 5D and patients with a kidney transplant, were included after giving written informed consent. All patients had been referred for bone biopsy for histomorphometric analysis at the Department of Nephrology, Karolinska University Hospital, between October 2012 and June 2015. Biopsies were obtained on clinical indication to guide treatment decisions. Reasons for performing bone biopsies were low BMD and increased fracture risk, persistent hypercalcemia or hyperparathyroidism after kidney transplantation, or suspicion of either severely reduced bone turnover or severe hyperparathyroidism. 
Materials and Methods

Biochemical Analyses
Circulating total calcium, phosphate, total alkaline phosphatase (ALP), PTH, C-reactive protein (CRP) and albumin were analysed by routine laboratory methods. In all but two cases, a blood sample was taken at the same time as the bone biopsy. In cases where biochemical data were not available at the time of biopsy, data from the temporally closest samples within 3 months before or after the biopsy were included, whilst data outside this period were considered missing. Estimated GFR (eGFR) was calculated in patients not on dialysis (N = 29), using the CKD-EPI creatinine equation [24] . Females were classified as postmenopausal when above the age of 49. Analysis of serum sclerostin was performed using an enzyme-linked immunosorbent assay (ELISA) kit from R&D systems (Abingdon, UK). Optical density was determined at a wavelength of 450 nm.
Histomorphometric Bone Analyses
Vertical bone biopsies were retrieved from the anterior iliac crest, using an 8-gauge bone biopsy needle, 3-14 days after double tetracycline labelling with 2 episodes of 250 mg tetracycline twice daily for 2 consecutive days, separated by 10 drug free days. The biopsy material was kept in 70% ethanol during transportation to the laboratory. Biopsies were dehydrated using increasing concentrations of ethanol, followed by ethyl acetate. After dehydration, the biopsies were embedded in methylmethacrylate under N 2 atmosphere. Undecalcified 5 μm thick sections were stained by the method of Goldner for quantitative histology to determine static bone parameters. Ten-µm thick sections were mounted unstained in 100% glycerol for fluorescence microscopy and visualization of tetracycline labels. Bone analysis was performed in the Laboratory of Pathophysiology of the University of Antwerp, Belgium, using the semi-automatic AxioVision system (Release 4.5, Carl Zeiss, Oberkochen, Germany). Key parameters that were assessed included bone formation rate (BFR), adjusted apposition rate (AjAR), mineralization lag time, mineral apposition rate, bone area (B.Ar), osteoid area, osteoid width (O.Wi), osteoblast perimeter (Ob.Pm), and osteoclast perimeter (Oc.Pm). Due to technical reasons, dynamic histomorphometry could not be determined in two patients.
Immunohistochemistry of Bone Biopsies
Five-µm sections of the undecalcified, embedded bone were cut and dried overnight at room temperature. Sections were de-acrylated in xylene, 2-methoxyethylacetate, and acetone before gradual rehydration in 100%, 96%, and 70% ethanol. Endogenous peroxidase was blocked with methanol + 3% H 2 O 2 , followed by washing in distilled water. A 1% acetic acid bath was followed by a washing procedure in phosphate buffer solution, followed by blocking with avidin, biotin and normal goat serum (same species as secondary antibody) in phosphate buffer solution for 20 min each. Sections were then incubated overnight with polyclonal rabbit anti-sclerostin antibody sc-130258 (Santa Cruz Biotechnology, Inc., Dallas, TX, USA) diluted 1/50 in phosphate buffer. The final steps were incubation with biotinylated secondary antibody, followed by incubation with avidin/biotin (Vector Laboratories, Burlingame, CA, USA) and staining with 3-amino-9-ethylcarbazole. A short wash in phosphate buffer solution was performed in between the last three steps. Sclerostin immunoreactivity was quantified by counting osteocytes with positive immunostaining in 15 consecutive fields of trabecular bone at a magnification of ×200 (Fig. 1 ). Results were expressed as Scl+ osteocytes/B.Ar.
Statistical Analyses
Data were expressed as median (10th-90th percentile), percentage, or relative risk ratio [95% confidence intervals (CIs)], as appropriate. Statistical significance was set at the level of P < 0.05, all tests were two-tailed. Comparisons between two groups were assessed with a nonparametric Mann-Whitney test for continuous variables and Fischer's exact test for nominal variables. Associations between continuous variables were determined by Spearman's rank-order correlations. To study the associations of circulating biomarkers with low bone turnover (defined as BFR < 97 µm 2 /mm²/day), multivariate general linear regression analyses (GENMOD) were performed. The best possible cut-off value for each biomarker was determined by plotting separate receiver operating characteristics (ROC) curves for each biomarker and calculating areas under the curves prior to each dichotomous analysis. Linear regression models for the prediction of serum sclerostin were calculated with gender, dialysis status, 1-SD of sclerostin/B.Ar, 1-SD of age and 1-SD of PTH as independent variables. Statistical analyses were performed using statistical software SAS version 9.4 (SAS, Cary, NC, USA).
Results
Baseline Characteristics of the Study Population
The median age of this Caucasian population was 66 (45-78) years, there were 18 females, whereof 16 (88%) were classified as postmenopausal. Fourteen patients (33%) were on dialysis, while 22 patients (51%) had undergone solid-organ transplantation before bone biopsy (1 liver, 3 lung, and 18 kidney transplantations); 15 of these had still a functioning transplanted kidney. Median time from transplantation was 72 (12-156) months. No patient was transplanted < 6 months before inclusion. Thirty-one patients (72%) were treated with glucocorticoids at the time of bone biopsy, 21 of these in combination with other immunosuppressive treatments. In total, 32 patients (76%) received immunosuppressive treatment. Non-glucocorticoid immunosuppression consisted of calcineurin inhibitors (N = 20), mycophenolate mofetil (N = 14), azathioprine (N = 3), and other immunosuppressive drugs (N = 2). Primary causes of renal disease were glomerular disease (N = 15, of these 14 chronic glomerulonephritis and 1 focal segmental glomerulosclerosis), tubule-interstitial disease (N = 9), systemic diseases affecting the kidney (N = 13, of these 8 diabetes mellitus and 5 hypertension), familial/hereditary nephropathies (N = 5) and miscellaneous renal disorders (N = 1) according to the ERA-EDTA registry classifications. Medical history, demographic data, results from serum biochemical analyses, histo-morphometric, and immunohistochemical (IHC) analyses of bone biopsies are summarized in Table 1 . eGFR was not determined in dialysed patients.
Serum Sclerostin, Bone Sclerostin, and Bone Histo-morphometric Parameters in all Patients
Serum sclerostin was positively correlated with age (ρ = 0.373, P = 0.01) and negatively correlated with BFR (ρ = − 0.438, P = 0.004), B.Ar (ρ = − 0.321, P = 0.03), O.Wi (ρ = − 0.341, P = 0.02), AjAR (ρ = − 0.313, P = 0.04) and plasma albumin (ρ = − 0.318, P = 0.03). When analysing the whole cohort, the correlation of serum sclerostin with bone sclerostin, expressed as sclerostin positive osteocytes per B.Ar (Scl+ osteocytes/B. Ar), did not reach significance (ρ = 0.265, P = 0.09). Bone sclerostin correlated positively with serum phosphate (ρ = 0.333, P = 0.02) and negatively with BFR (ρ = − 0.344, P = 0.02), AjAR (ρ = − 0.343, P = 0.02) and B.Ar (ρ = − 0.326, P = 0.03).
Median serum sclerostin level and Scl+ osteocytes/B. Ar differed significantly between groups with low (N = 13) and non-low bone turnover (N = 28), the highest values were present in patients with low bone turnover (Fig. 2) . When dividing patients into groups of high versus nonhigh bone turnover, no significant differences were found. We found in a GENMOD multivariate regression analysis that high serum sclerostin and low serum PTH were independent predictors of low bone turnover ( Table 2) . 
Serum Sclerostin, Bone Sclerostin, and Bone Histo-morphometric Parameters in Patients with Versus Without Glucocorticoid Treatment
When analysing glucocorticoid-treated patients and nonglucocorticoid treated patients separately, only the latter group exhibited a significant correlation (ρ = 0.608, P = 0.03) between serum sclerostin and Scl+ osteocytes/B. Ar (Fig. 3) . Among non-glucocorticoid treated patients, serum sclerostin further correlated negatively with BFR (ρ = − 0.613, P = 0.02), O.Wi (ρ = − 0.714, P = 0.004), and eGFR (ρ = − 0.829, P = 0.02), while correlating positively with age (ρ = 0.587, P = 0.02). Scl+ osteocytes/B.Ar was also inversely correlated with BFR (ρ = − 0.538, P = 0.04), B.Ar (ρ = − 0.543, P = 0.04), and O.Wi (ρ = − 0.560, P = 0.03) in non-glucocorticoid treated patients. When studying glucocorticoid-treated patients, only BFR remained significantly correlated to serum sclerostin (ρ = − 0.481, P = 0.01). Serum and bone sclerostin levels were similar in patients with or without glucocorticoid treatment. However, non-glucocorticoid treated patients had higher bone turnover, indicated by higher iPTH, ALP, MAR, AjAR, BFR, and O.Wi levels, and lower kidney function, indicated by higher creatinine and lower eGFR (Table 1) . We did not find any significant differences in the association of serum sclerostin with Scl+ osteocytes/B.Ar in patients with or without any other immunosuppressive treatment. In patients not on glucocorticoid treatment, serum sclerostin was predicted by 1-SD of Scl+ osteocytes/B.Ar (P = 0.01) when controlling for gender, dialysis status, 1-SD of age and 1-SD of PTH in multiple linear regression analysis (adjusted r 2 = 0.6). There was no significant association between serum sclerostin and Scl+ osteocytes/B.Ar in glucocorticoid-treated patients in multiple linear regression analyses. These findings remained unchanged after exclusion of PTH from the multivariate analyses, suggesting that PTH was not a confounder, in spite of differences in serum PTH levels between groups. Twenty-one of the glucocorticoid-treated patients had performed solid-organ transplantation before bone biopsy, one transplanted patient was not on glucocorticoid treatment. Corresponding multiple regression analyses based on transplant status rendered similar results (Supplementary Table 1 ). After excluding patients who had previously received a solid-organ transplant, we still found a difference in the association of serum sclerostin with Scl+ osteocytes/B.Ar between non-glucocorticoid treated patients (ρ = 0.618, P = 0.04, N = 11) and glucocorticoid-treated patients (ρ = − 0.042, P = 0.9, N = 10). Kidney function was comparable in both groups (median eGFR 15.5 and 17 ml/ min/1.73 m 2 and proportion of dialysis patients 45 and 50%, respectively).
Serum and Bone Sclerostin and Gender
Females had significantly higher Scl+ osteocytes/B.Ar compared to males, no gender difference was found for serum sclerostin (Supplementary Table 2 ). Females had lower CRP than males. No other gender differences were found for demographic, serum, or histo-morphometric parameters.
Discussion
Serum sclerostin concentration and bone sclerostin were associated in CKD patients not on glucocorticoid treatment; supporting the concept that serum sclerostin reflects bone sclerostin. However, for the first time in CKD patients, we report that glucocorticoid treatment appears to disconnect the relationship between bone sclerostin and circulating sclerostin levels. Little is known about the effect of glucocorticoids on this relationship. de Castro et al. [25] demonstrated a suppressive effect of glucocorticoids on both bone sclerostin expression and osteoblastic activity, however, the effect on serum sclerostin is controversial. Glucocorticoid treatment suppresses serum sclerostin acutely [15] , but prolonged treatment has been associated with increased circulating sclerostin levels [16] . In contrast, endogenous hypercortisolism is associated with decreased serum sclerostin [17] . While mechanisms accounting for these divergent findings are still unclear, our finding of a dissociation of bone and serum sclerostin in glucocorticoid-treated patients indicate a possible contribution of non-skeletal sources to circulating sclerostin levels. In this respect, the recent suggestion of a rapidly mobilizable vascular storage of sclerostin might contribute to a possible explanation [26] . However, the existence of this vascular storage and a possible effect of glucocorticoids on its mobilization have yet to be confirmed. Furthermore, differences in serum levels detected by different ELISAs [27] and variable associations with kidney function [28] suggest the existence of circulating sclerostin fragments with variable renal clearance, which also could contribute to the observed difference in the association of bone sclerostin with circulating sclerostin levels between glucocorticoidtreated and non-glucocorticoid treated patients, as the former had better preserved kidney function. However, the difference in the association of bone sclerostin with circulating sclerostin levels in glucocorticoid versus non-glucocorticoid treated patients persisted after excluding patients with a solid-organ transplant, in spite of comparable kidney function between groups. We could not identify any previous studies investigating the effect of other immunosuppressive agents on bone sclerostin expression. However, a negative effect of calcineurin inhibitors on BMD has been described [29] . Everolimus, on the other hand, seems to exert a positive effect on bone [30] .
Our findings of a disconnection of the association of serum sclerostin with bone sclerostin in glucocorticoidtreated patients could be reproduced in patients who previously had received a solid-organ transplant. A previous study by Pereira et al. [31] described differences in bone sclerostin in children after kidney transplantation, compared to children with pre-dialysis CKD. In contrast to our findings they described higher bone sclerostin in transplanted patients. However, pre-dialysis CKD patients in that study had lower bone sclerostin than healthy controls, which contradicts an earlier description of higher bone sclerostin in adults with pre-dialysis CKD compared to both healthy controls and hemodialysis patients [32] . It has previously been reported that serum sclerostin levels decrease shortly after kidney transplantation, possibly related to improved renal clearance, increased physical activity, and an early inhibitory effect of glucocorticoid treatment on osteocytes, but increase again with time from transplantation [13, 14] . On the other hand, no significant differences in serum sclerostin before and after kidney transplantation were found in postmenopausal women [33] .
Silencing of the SOST gene or treatment with a sclerostin antibody in mice has rendered conflicting results concerning the association of serum sclerostin with bone turnover [34] [35] [36] . Possible explanations are differences in experimental methods, sclerostin assays, type of bone, and species specific differences in regulation of bone turnover. Our observation of an inverse correlation of serum sclerostin with bone turnover accords with de Oliveira et al. [37] and Cejka et al. [11] , who described a negative association between serum sclerostin and bone turnover parameters in peritoneal dialysis and hemodialysis patients, respectively. Cejka et al. [11] suggested that sclerostin was superior to PTH in predicting high turnover in CKD stage 5D. In contrast, the current findings suggest that serum sclerostin may be a marker for low rather than high bone turnover, with good sensitivity, but low specificity, which, together with the observed inverse correlations of serum and bone sclerostin with BFR, supports the concept of sclerostin as a marker of low bone turnover. This would also be in accordance with its physiological role as inhibitor of Wnt signalling induced bone formation [7] . We found no correlation between serum sclerostin and serum PTH. Previous reports on the association of circulating sclerostin with PTH in CKD have been inconsistent, ranging from negative [11] to absent associations [10, 18, 37] . Differences in sclerostin assays have been suggested as a possible explanation for these divergent findings [27, 28] , and, in addition, the current study may lack power to detect an association of circulating sclerostin with circulating PTH.
For the first time, we report on a difference in bone sclerostin between male and female CKD patients. Our finding of a lower bone sclerostin in males compared to females is in accordance with a recent report on an inhibitory effect of androgens on human osteocytic sclerostin expression in vitro [38] . In the same study, serum sclerostin correlated negatively with serum testosterone in healthy and hypogonadal men, independently of several confounders, among them PTH, 25OH vitamin D, and age. However, data on sex differences in serum sclerostin are conflicting. While several studies report that serum sclerostin levels are higher among males than females, both during childhood and puberty [39, 40] and in adults [10, 41] , Amrein et al. [42] did not find any sex differences in adults after adjustment for confounders. Our finding of no sex difference of serum sclerostin levels accords with the findings reported by Malluche et al. [43] in dialysis patients. These discrepancies between different studies might be due to differences in sclerostin assays used, differences in total bone mass, extra-skeletal sources of circulating sclerostin or other yet unknown confounders. In the current study, besides bone sclerostin, only CRP differed significantly between men and women. The effect of inflammation on bone sclerostin expression in CKD has, to our knowledge, not yet been studied. However, in ankylosing spondylitis, lower circulating sclerostin levels are associated with higher CRP [44] .
A number of strengths and limitations of the present study needs consideration. The inclusion of patients in different CKD stages, including transplanted patients, strengthens the external validity of the results. Moreover, the combination of histo-morphometric analysis of bone biopsies with determination of sclerostin in serum and bone is another strength of the study. The relevance of our findings is underlined by the imminent introduction of a novel sclerostin antibody for the treatment of osteoporosis. However, the relatively small number of patients, the predominance of Caucasian ethnicity, and the cross-sectional and observational character are limitations of the study. Although patients were referred for a bone biopsy on clinical indication, the divergence of indications may reduce the risk for selection bias. The observed serum sclerostin levels in the current study differ from those reported by de Oliveira et al. [37] in dialysis patients. This might be due to differences in sclerostin assays used. The anti-sclerostin antibody used in the current study has been used before for bone IHC analysis [45] . A further explanation could be the higher proportion of patients with better preserved kidney function in the current study, since serum sclerostin increases with decreasing GFR [12] . However, the dialysability of sclerostin [46] and differences between different sclerostin assays [27, 28] underline the importance of standardized sampling procedures. Other factors that might affect serum sclerostin levels are underlying causes of CKD [47] and age [41] , although the latter might not be an independent confounder [48] . The current study did not include measurement of BMD. Sclerostin antibody therapy in humans has been shown to increase BMD [22] and high sclerostin levels are associated with low BMD [43] , which is in line with our finding of relatively weak but significant negative correlations between both serum and bone sclerostin with B.Ar. Impaired mineralization and bone formation have been suggested as possible mechanisms for the association of sclerostin with low BMD, which is in accordance with associations between serum and bone sclerostin, BFR and O.Wi in the current study.
In conclusion, we report that glucocorticoid treatment appears to disconnect the association between serum sclerostin levels and bone sclerostin in CKD patients, which is observed in CKD patients not on glucocorticoid treatment. We also demonstrate that serum and bone sclerostin are inversely associated with bone turnover and bone mass in CKD, that serum sclerostin levels may be a better marker for low than for high bone turnover, and that women with CKD have higher bone sclerostin levels than men, despite serum sclerostin levels being similar.
